Steroid monooxygenase (STMO) from Rhodococcus rhodochrous catalyzes the Baeyer-Villiger conversion of progesterone into testosterone acetate using FAD as prosthetic group and NADPH as reducing coenzyme. The enzyme shares high sequence similarity with well characterized Baeyer-Villiger monooxygenases, including phenylacetone mono oxygenase and cyclohexanone monooxygenase. The comparative biochemical and structural analysis of STMO can be particularly insightful with regard to the understanding of the substrate-specificity properties of Baeyer-Villiger monooxygenases that are emerging as promising tools in biocatalytic applications and as targets for prodrug activation. The crystal structures of STMO in the native, NADP + -bound, and two mutant forms reveal structural details on this microbial steroid-degrading enzyme. The binding of the nicotinamide ring of NADP + is shifted with respect to the flavin compared with that observed in other monooxygenases of the same class. This finding fully supports the idea that NADP(H) adopts various positions during the catalytic cycle to perform its multiple functions in catalysis. The active site closely resembles that of phenylacetone monooxygenase. This observation led us to discover that STMO is capable of acting also on phenyl acetone, which implies an impressive level of substrate promiscuity. The investigation of six mutants that target residues on the surface of the substrate-binding site reveals that enzymatic conversions of both progesterone and phenylacetone are largely insensitive to relatively drastic amino acid changes, with some mutants even displaying enhanced activity on progesterone. These features possibly reflect the fact that these enzymes are continuously evolving to acquire new activities, depending on the emerging availabilities of new compounds in the living environment.
Introduction
Baeyer-Villiger monooxygenases (BVMO) use flavin cofactors to catalyze the insertion of an oxygen atom into ketone substrates to generate esters and/or lactones [1] . NADPH and molecular oxygen represent the electron and oxygen-atom donors in the reaction, respectively. Since their discovery more than 60 years ago [2, 3] , these enzymes have attracted considerable interest for their potential applicability in industrial biocatalysis, their role as (pro)drug targets, and their value as model systems to study how enzymes carry out a classical organic chemistry reaction [4] .
In mechanistic terms, BVMOs display two key features: (i) the activation of molecular oxygen through formation of a covalent intermediate, the flavin-peroxide, formed by the reaction of the reduced flavin with oxygen, and (ii) the occurrence of a tetrahedral Criegee intermediate in substrate oxygenation, which is analogous to the intermediate of nonenzymatic Baeyer-Villiger oxidations [5] [6] [7] . NADP(H) plays a key role in the whole process by functioning not only as a reductant of the flavin but also as an integral part of the active site that promotes flavin-peroxide and Criegee intermediate formation and stabilization. In more detail, the reaction starts with the two-electron reduction of the flavin by NADPH. Next, the reduced prosthetic group reacts with oxygen to generate the flavin-peroxide, which is responsible for the insertion of an oxygen atom into the substrate to generate the oxygenated product. The reaction ends with the regeneration of the oxidized flavin and the release of NADP + . Importantly, the flavin-peroxide forms only if NADP + is bound to the active site. Indeed, an artificial electron-donor (such as dithionite) does not enable the enzyme to perform the catalytic reaction. These features imply that NADP(H) must have at least two binding modes; one competent in flavin reduction and one capable of promoting formation and stabilization of the crucial flavin-peroxide.
Cyclohexanone monooxygenase (CHMO) was the first BVMO that could be produced in a recombinant manner and has been subject to in-depth enzymological studies [5] . In 1999, steroid monooxygenase (STMO) from Rhodococcus rhodochrous was the second BVMO for which the gene was cloned and used for heterologous expression [8] . However, so far no subsequent studies on this bacterial steroid degrading monooxygenase have been reported. More recently, phenylacetone monooxygenase (PAMO) became another model system especially after its three-dimensional crystal structure was solved [9] . An excellent review about the history and state of the art of the field has been recently published by Lau and co-workers [1] .
Genome sequencing has led to the discovery of a huge number of BVMOs in bacteria and fungi [10] . The enzymes display a bewildering diversity with regard to substrate preferences that can range from small molecules, such as small aromatic and aliphatic compounds, to large macrocyclic compounds typically used as intermediates in the biosynthesis of complex metabolites such as alkaloids and antibiotics. The crystal structures of several BVMOs have been solved in the past few years including those of CHMO [11] , PAMO [9] , 2-oxo-Δ3-4,5,5-trimethylcyclopentenylacetyl-CoA monooxygenase (OTEMO) [12] , MtmOIV (a Baeyer-Villiger monooxygenase involved in mithramycin biosynthesis) [13] , and a NAD(P)H-dependent monooxygenase from a marine bacterium that is more closely related to flavin-containing monoxygenases (also known as FMOs) [14] . The common features shared by these crystal structures have established a solid structural framework to study enzyme-mediated Baeyer-Villiger oxidations, especially with regard to the existence of conformational changes and the role of NADP(H) and conserved residues for intermediate stabilization [7, 11] . Furthermore, the combination of structural and enzyme engineering studies has provided important hints about the protein elements that determine the substrate
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Exploring the Structural Basis of Substrate Preferences in Baeyer-Villiger Monooxygenases selectivity of the enzymes. For instance, a loop in direct contact with the pyrimidine ring of the flavin has been shown to be crucial for substrate binding [15] . On the other hand, especially with the aim of exploiting these enzymes for biocatalytic purposes, we need to further understand and rationalize their substrate specificity properties.
In this context, here we describe the structural elucidation complemented by site-directed mutagenesis studies of STMO from R. rhodochrous, which was originally discovered by Miyamoto et al. [16] . This enzyme is capable of converting progesterone into testosterone acetate (Scheme 1). The interest for this enzyme stems from its high sequence homology with the most well characterized BVMOs with known crystal structures [8, 17] ; STMO has 53% sequence identity with PAMO from Thermobifida fusca, 45% with CHMO from Rhodococcus sp. strain HI-31, and 43% with OTEMO from Pseudomonas putida. The inspiration for our study was to compare these closely related enzymes, which exhibit so diverse substrate preferences ranging from a simple aromatic (phenylacetone) molecule to a steroid. The close evolutionary relatedness adds value to our approach because it allows the identification of structural elements that direct substrate binding and selectivity.
Previously STMO was shown to be similar enough to PAMO to accept phenylacetone as a substrate, but also that the two enzymes could be successfully combined to create a new, stable chimeric enzyme with enhanced properties [17] . However, the effect of solvents on substrate scope and enantioselectivity has only been extensively investigated for PAMO [18] [19] [20] . We investigated here whether STMO displays the same behavior when exposed to methanol, as for this solvent the largest effects on the enantioselective conversion thioanisole were shown [21, 22] . The promiscuity and solvent dependence in substrate preference has interesting implications for BVMO evolution, function, redesign, and biocatalytic applications. 
87

Experimental procedures
Cloning, expression, and purification
The gene coding for STMO from R. rhodochrous [8] was cloned into a ChampionTM pET-vector (Invitrogen) for overexpression in Escherichia coli. The resulting protein contained a N-terminal His6-tagged SUMO, which can be removed by SUMO protease. The plasmid was transformed into E. coli strain BL21(DE3) CodonPlus. The resulting colonies were preinoculated into LB broth supplemented with kanamycin (50 μg/mL) and chloramphenicol (50 μg/mL) and grown overnight at 37 °C. Cultures were inoculated and grown in 2-liter Erlenmeyer flasks at 37 °C in 750 mL of LB medium until A600 was 0.3-0.5. Then, isopropyl β-D-1-thiogalactoside was added to a final concentration of 0.3 mM for the induction of expression at 17 °C for 16 h. Cells were harvested by centrifugation. The cell pellet was resuspended in a buffer containing 50 mM HEPES, pH 8.0, and 500 mM NaCl added with 25 μg/mL of DNase and 2 mM PMSF, and lysed by sonication. Insoluble debris was removed by centrifugation at 70,000 × g for 40 min at 4 °C and the soluble lysate clarified by filtration through a 0.45-μM syringe filter. The resulting supernatant was loaded on a Ni 2 + -affinity column (5 mL HisTrapTM FF, GE Healthcare) by an Äkta purifier (GE Healthcare) and washed with the resuspending buffer added with 5 mM imidazole to remove the main part of contaminants. Elution of the protein occurred at 100 mM imidazole. STMO-containing fractions were dialyzed overnight at 4 °C in 50 mM HEPES/HCl, pH 8.0, 500 mM NaCl in the presence of SUMO protease to remove the N-terminal tag. A further Ni 2 + -affinity column separated the native STMO from the cleaved tag and the protease. To increase the sample homogeneity for crystallization purposes, a final step of size exclusion chromatography (Superdex 75 16/60, GE Healthcare) was performed in 50 mM HEPES/HCl, pH 7.5, 100 mM NaCl. The protein purity was assessed by SDS-PAGE and by measurement of the ratio in the absorbance at 280 and 457 nm, which was about 9 for pure samples.
Mutagenesis
Site-directed mutagenesis was performed using the PfuUltra Hotstart PCR Master Mix (Agilent) according to the manufacturer's instructions. Primer sequences were generated using the QuikChange tool available from Agilent and are available upon request. As the mutants tended to release FAD, the purification protocol was slightly modified. All the buffers used to resuspend the cell pellet and for affinity chromatography were added with 6% (w/v) glycerol, whereas the amount of NaCl was lowered to 200 mM. Moreover, a small excess of FAD (100-300 μM) was added to the samples before sonication and during dialysis.
Crystallization
For crystallization experiments, the purified proteins were dialyzed against 15 mM HEPES/HCl, pH 7.5, 30 mM NaCl, and concentrated up to 15-20 mg/mL. STMO crystals were grown by the vapor diffusion method at 295 K. Initial crystallization conditions were screened by the sitting-drop technique using sparse matrix kits (Crystal Screen and Crystal Screen 2, Hampton Research) with an automated device (Oryx8, Douglas Instruments). Positive hits were refined using the hanging drop vapor-diffusion technique to identify the optimal crystallization conditions: 2-4 μL of protein solution mixed with equal volumes of reservoir solution consisting of 1. 
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Exploring the Structural Basis of Substrate Preferences in Baeyer-Villiger Monooxygenases X-ray diffraction data collection and structure determination Diffraction data of the native crystals were collected at 100 K on the PXII beamline at SLS (Villigen, Switzerland) and on the ID23-2 and ID14-4 beamlines at ESRF (Grenoble, France). All the data were processed with MOSFLM [23] and programs of the CCP4 suite [24] . The structure of STMO was solved using the diffraction data of unliganded wild-type enzyme by molecular replacement with PHASER [25] using PAMO as search model (PDB code 1W4X [9] ). The model was refined manually through successive rounds using Coot [26] , whereas maximum likelihood refinement were carried out by Refmac5 [27] . The STMO apoenzyme model was used as a template to solve the other STMO structures. All final models were validated with MolProbity, which did not detect any outliers in the Ramachandran plot [28] . Data collection and refinement statistics are listed in Table 1 . Pictures were generated with PyMOL.
Steady-state kinetics
Activities of the purified enzymes were determined spectrophotometrically by monitoring the decrease of the NADPH concentration by measuring the absorbance at 340 nm. The reaction mixture (200 or 1000 μL) contained 50 mM Tris/HCl, pH 7.5, 100 μM NADPH, 5% (v/v) Me 2 SO in the case of phenylacetone or 5% (v/v) dioxane in the case of progesterone, 0-16 mM phenylacetone or 0-75 μM progesterone, and 0.05-0.2 μM enzyme. Kinetic parameters were obtained by fitting the data to Equation 1 using SigmaPlot 11. Standard errors in curve fitting were generally less than 10% and duplos were within 10%. The k cat /K M values for progesterone were determined from the substrate-concentration-dependent rates observed under apparent nonsaturating conditions.
Conversions
Reactions with 5 mM thioanisole and methanol were done using 4 µM STMO, 5 µM phosphite dehydrogenase and 10 mM phosphite to regenerate NADPH (200 µM) in 25 mM MES pH 6.3 at room temperature for 24 h. For phenylacetone and progesterone, conversions and enantiomeric excess were determined by gas-chromatography, as described before [6, 17] .
Results
Crystallographic analysis and overall structure
Recombinant STMO from R. rhodochrous was crystallized using magnesium sulfate as precipitant (Table 1) . We obtained four crystal structures (2.4-2.9 Å resolution): the wild-type enzyme in the oxidized state and in complex with NADP + , and two active-site mutants K295A and T345L. Except for the amino acid replacements, these four models are essentially indistinguishable (root mean square deviations below 0.2 Å for Cα atoms) and we shall refer mainly to the NADP + complex for the analysis of the enzyme three-dimensional structure (Figures 1 and 2 ).
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Exploring the Structural Basis of Substrate Preferences in Baeyer-Villiger Monooxygenases STMO exhibits the typical two-domain organization of the other known BVMO enzymes, with each domain featuring the dinucleotide-binding topology ( Figure 1 ). Structural comparisons indicate that FAD-and NADP-binding domains of STMO superimpose onto the corresponding domains of PAMO [7] with root mean square deviations for the Cα atoms of 1.1 and 1.6 Å, respectively ( Figure 3 ). These close similarities reflect the high 53% sequence identity between the two proteins. A slightly lower but nevertheless strong degree of structural similarity (root mean square deviations below 2.0 Å) is indicated also by comparisons with the known crystal structures of other BVMO enzymes (CHMO and OTEMO [11, 12] ), which is in full agreement with their (>40%) sequence identities with STMO. The only vari-
Exploring the Structural Basis of Substrate Preferences in Baeyer-Villiger Monooxygenases ations are small changes in the mutual orientations of the two domains that rotate by 4-6°. Similar domain rotations have been observed in other BVMO structures and probably reflect intrinsic domain flexibility and, possibly, also the different crystal packing environments. As found in the known BVMO structures, the flavin of STMO shows virtually no deviation from planarity (Figures 2 and 5 ). In the logic of our study, the close similarities highlighted by these comparisons provide an excellent structural framework for exploring the factors that control the diverse substrate selectivities among these enzymes. Along this line, we shall now describe the STMO active site. 
NADP + binding and active site
The crystal structure of STMO exhibits a globular open pocket at the interface between the two domains to form the binding site for NADP(H) and the steroid substrate ( Figure 1 ). The two ligand-binding sites are located on opposite walls of the cleft and converge in front of the flavin (Figures 3 and 4) . STMO crystals were also obtained in the presence of an excess of NADP + , which enabled the structure determination of the enzyme bound to the coenzyme ligand (Table 1 and Figure 2 ). NADP + binds in the typical conformation observed in dinucleotide-binding proteins, with the pyrophosphate group interacting with the N terminus of the α-helix of the βαβ unit of the NADP-binding domain (Figures 1 and 2) . The nicotinamide-ribose group is close to a conserved Arg (Arg-342; Figure 4 ), which is essential in catalysis by favoring substrate oxygenation possibly through stabilization of the tetrahedral Criegee intermediate [7] . Table 3 ) on the active site cavity. The Cα atoms of the mutated residues are shown as blue spheres. Thr-345 and Lys-295 are highlighted in red because mutations targeting these amino acids exhibited strong functional perturbations and were subjected to crystallographic studies (Tables 1 and 3 ). Bluish areas highlight the mutations exposed on the cavity surface. For the sake of clarity, only the ribose and nicotinamide ring of NADP + are depicted. Arg-342
is the crucial residue involved in the oxygen-insertion step during catalysis. The cavity was calculated with a probe of 1.3-Å radius using Voidoo [30] .
An interesting observation concerns the precise binding mode of the nicotinamide ring with respect to the flavin (Figure 3 ). The coenzyme nicotinamide ring is located above the flavin with the carbamide group pointing toward and in direct contact with the central ring of the prosthetic group. The nicotinamide remains partly solvent-accessible and within 4.5 Å distance from Asp-71. The interactions with the solvent and the proximity of the Asp-71 side chain can compensate for the NADP + positive charge. The functional implications for this conformation are effectively revealed by the comparison of STMO with PAMO, OTEMO, and CHMO structures. The comparative analysis indicates that the nicotinamide of STMO is prominently shifted away from the flavin compared with the other enzymes ( Figure 3 ). This observation is fully consistent with the "sliding" model proposed by Mirza et al. [11] . The nicotinamide, anchored to the protein by the ADP segment of NADPH, is able to slide into the active site to first bind above the flavin with the proper geometry to perform hydride transfer. After this catalytic step, the nicotinamide moves further to eventually adopt the position (red carbons in Figure 3 ) that is instrumental to the formation and stabilization of the flavin-peroxide intermediate after reaction of the reduced flavin with dioxygen. NADP + is locked in this flavin-peroxide promoting conformation by closure of an active site loop, which likely occurs only after flavin reduction (see Refs. [1, 7, 9, 11, 29] for a discussion on this aspect of catalysis). In STMO, this loop protrudes out of the protein and is partly disordered (residues 510-516; Figure 1 ), which is similar to the cases of PAMO in the unligated form [7] and CHMO in the "open" conformation (green in Figure 3 ) [11] . Thus, the STMO crystals (obtained by co-crystallizing the oxidized enzyme with NADP + ) reveal a binding mode that is likely adopted by the reduced nicotinamide in the process of attaining the conformation that affords reduction of the prosthetic FAD cofactor and, possibly, also by the oxidized NADP + in the process of being released by the enzyme, which is the last step of the reaction.
Substrate-binding site and substrate specificity
The rationale behind this study was to investigate STMO in comparison with PAMO and other well characterized BVMOs to gain insight into the substrate selectivities of these enzymes. In this regard, the crucial starting observation for our analysis was that atomic superpositions clearly indicated that the active site of STMO (Figure 4a ) is closely related to those of other BVMOs, and in particular, to that of PAMO (Figure 5a and 6 ). As shown in Figure 5a , the Cα traces of the residues lining the active-site of STMO and PAMO are very similar, with shifts between the Cα positions of homologous residues mostly in the 0.2-0.4 Å range. The only clear variation concerns the loop 286-295 (STMO numbering), whose position is significantly shifted in the two proteins. This loop is located above the active-site pocket and is most likely directly involved in substrate binding (Figure 5a) . Otherwise, the comparative inspection of the 24 residues that are within 8 Å from the flavin N5 atom ( Table 2 and Figure 5b) indicates that 12 side chains are conserved between PAMO and STMO. (Table 3) . Top right, the Cα positions of residues within 8 Å distance from the flavin N5 atoms on the re side of the cofactor ( Table 2 ). The blue spheres (cyan for mutated residues; On these bases, we probed STMO and PAMO for their reactivity toward their reciprocal reference substrates, progesterone and phenylacetone. PAMO was found to be unable to convert progesterone but, remarkably, we observed that STMO displays significant Baeyer-Villiger activity on phenylacetone. Although the K M value is >10 times higher compared with that displayed by PAMO, these experiments unambiguously indicate that STMO can now be reported to be a relatively efficient phenylacetone monooxygenase (Table 3) . Consequently, the active site of STMO features a rather impressive level of promiscuity in its substrate preference considering the vastly different nature of progesterone and phenylacetone compounds. 
Enantioselective oxidation of thioanisole
A drastic effect on enantioselectivity is observed when converting thioanisole with STMO in the presence of methanol. This was previously observed for PAMO [21] . Starting at 20% S selectivity without methanol, 68% R selectivity can be achieved with 20% (v/v) methanol (Figure 7 ). This increased preference for the R product is also seen for the R selective K295A mutant, and the T345L mutant that has an increased S selectivity (table 4) . At increasing concentrations of up to 20% (v/v) methanol the measured conversion is increased (Figure 7 ), also corresponding with the results for PAMO [21] . The addition of ethanol had an effect in the opposite direction, increasing the S selectivity to 38% ee at 10% (v/v). As the behavior with methanol suggests binding to STMO, conversions were also done with MgSO 4 present. This was done to determine if methanol competes with the sulfate ion bound close to the nicotinamide cofactor in PAMO [9] . 1 M MgSO 4 caused a slight decrease in enantioselectivity, lowering the enantiomeric excess both for the S enantiomer at low concentrations of methanol, and for the R enantiomer at higher concentrations ( Figure 7) . Additionally, STMO is active in the presence of up to 20% (v/v) methanol, making it relatively solvent tolerant. 
A mutagenesis study of the STMO active site
The logical question raised by the above described findings concerned the structural basis of these broad substrate activities and the possibility to modulate them by site-directed mutagenesis. We have repeatedly attempted the determination of the STMO structure in complex with progesterone or related molecules. Many experimental strategies were tried but the poor solubility of these compounds prevented success in these experiments.
For this reason, we adopted a different approach based on mutating side chains that are part of the active site. The strategy for choosing the mutations was to probe different types of variations targeting both hydrophobic (Val-72, Pro-157, Val-291, Leu-500) and hydrophilic (Lys-295, Thr-345) residues and with different degrees of conservations in the other structurally characterized BVMO enzymes (Tables 2  and 3 ). Furthermore, the sites of mutations were located in different areas of the active site, particularly with regard to their distance from the flavin ring (see Figures 4-right and 5 ). Thus, V72I mimics PAMO (which has Ile in this position) and affects a residue in direct contact with the pyrimidine ring of the flavin. This residue is in further contact with Val-291, which is positioned on the only small active-site segment whose backbone conformation differs significantly between STMO and PAMO ( Figure 5a ). Its conservative replacement to Ala was designed to probe the role of this differing area of the active site in substrate selectivity. Pro-157, Lys-295, Thr-345, and Leu-500 were mutated with the idea of targeting residues that, by being further away from the flavin, could have a role in binding the bulky progesterone thereby having a specific role in substrate specificity of STMO (Figure 4b ). The mutants were all evaluated for their activities on phenylacetone and progesterone, whose poor solubility allowed us only to accurately measure k cat /K M values (Table 3) . Furthermore, two mutants (K295A and T345L) were subjected to crystallographic studies (Table 1) . In this way, a comprehensive analysis of the substrate binding region could be obtained.
The main and, to a certain extent, most surprising theme emerging from the analysis is that the effect of the mutations on enzymatic activities is relatively modest. In all cases, mutations did not affect the NADPH oxidase (uncoupling) activity, i.e. the consumption of NADPH in the absence of the organic substrate caused by the NADPH-mediated flavin reduction followed by reoxidation to generate hydrogen peroxide. This indicates that flavin reactivity in terms of both reduction by NADPH and oxygen-mediated reoxidation is unaffected by the mutations, which is consistent with the strategy of targeting residues that are part of the substrate-binding site and not expected to have a direct role in redox catalysis. Similar to the wild-type protein, k cat values for progesterone and phenylacetone for most of the mutants were at least 10 times higher than the rates of uncoupling (Table 3 ). This is in full agreement with the general functional properties of BVMOs. These enzymes stabilize the flavin-peroxide intermediate that, without a substrate, decays slowly to generate hydrogen peroxide, whereas the decay is greatly accelerated by the binding of the oxygen-accepting substrate. Furthermore, the mutant proteins exhibited minor alterations on the activity on phenylacetone in comparison to the wild-type enzyme. Likewise, using progesterone as substrate did not highlight drastic changes, although it is of note that three (V72I, K295A, L500Y) mutants displayed higher activity on this compound, with K295A being three times more active than the wild-type enzyme ( Table 3 ). The only clear exception is T345L, which turned out to make STMO inactive against progesterone without altering the catalytic efficiency for phenylacetone (Table 3) . On this basis, the crystal structures of the two more functionally perturbed mutants, T345L and K295A, were solved (Table 1 and Figures 4a and 5a ). They did not show any conformational change except for the replacement of the side chains, suggesting that the analyzed mutations, by affecting residues exposed on the surface of the active-site cleft, do not generally cause significant structural perturbations.
These data are intriguing because at least some of the mutations (P157Q, K295A, L500Y) correspond to rather drastic side chain replacements that can be expected to alter charge distribution and hydrophobicity of the walls lining the binding site. Inspection of the three-dimensional structure shows that bulky progesterone can be accommodated in the active site in various orientations and poses that would be compatible with catalysis. We refrain from presenting an in silico model of a bound progesterone given the many uncertainties, above all concerning the exact conformational state of the substratebound enzyme (e.g. the conformation of loop 510-516, which is disordered in our crystals of STMO, and uncertainty of how NADP + is bound in the substrate-enzyme complex; Figure 1 ). Despite this limitation, the lack of activity of T345L on progesterone indicates that this residue is probably involved in forming a productive enzyme-progesterone complex. The bulkier Leu side chain of the mutant may hinder proper binding of the steroid in the active site. This effect is instead seemingly absent for the smaller phenylacetone substrate. This is the only clue from these studies for the presence of a relatively specific enzyme-substrate interaction that can greatly alter substrate binding. Indeed, the limited effects on steady-state parameters by all other mutations indicate that none of the targeted side chains and binding site areas (at least individually) are essential or even truly crucial for the recognition and catalytically productive binding of both progesterone and phenylacetone.
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Discussion
BVMOs have a fascinating mechanism that has been clarified by several studies [1, 7] . The enzymatic function is based on the dual role of NADP(H), which acts as flavin reductant as well as an integral part of the active site that promotes oxygen activation and oxygenation. This mechanism implies that the enzyme must exist in different functional/conformational states including one that promotes NADPH-mediated reduction of the flavin and one that promotes formation and stabilization of the oxygen-activating flavin-peroxide intermediate, which is essential for substrate oxygenation. These catalytic steps are brought about by conformational changes, at least locally affecting the active site [11, 12] . The structure of STMO is fully consistent with this picture by showing a NADP + -binding mode in which the nicotinamide is shifted outward, away from the flavin (Figure 3 ). In particular, this observation provides a further indication in support of the idea that NADP(H) must move above the flavin along the catalytic cycle to carry out its dual function in catalysis. A certain degree of flexibility between the two protein domains may be further instrumental to the attainment of the active site conformations that are responsible for performing the various catalytic steps and accommodating the substrates.
A remarkable finding of our study is the fact that STMO, initially discovered as progesterone monooxygenase, is also active on phenylacetone (Scheme 1 and Table 3 ). This feature is matched by the close structural similarities exhibited by STMO and PAMO active sites (Figures 3 to 5) . Moreover, of the six substrate-binding site mutants that were generated, only one had a clear effect on activity on at least one of the two substrates. All the other mutants display steady-state parameters that are comparable with those of wild-type STMO, highlighting a remarkable robustness of the system [17] (Table 3) . These findings are especially puzzling in light of the self-evident differences between phenylacetone and progesterone in terms of size, bulkiness, hydrophobicity, and hydrogen-bonding groups (Scheme 1). The mutagenesis, kinetic, and structural data do not offer clues for the presence of elements or niches in the binding site that recognize specific chemical and structural features on these substrates. Rather, the emerging idea is that the binding site, which is mainly (but not exclusively) decorated by small aliphatic side chains (Table 2) , functions as a sort of general hydrophobic selectivity filter. This notion is supported by the enhanced activity against progesterone (but not phenylacetone) displayed by K295A, which removes a positive charge from a site of the binding pocket that is at a distance of 8 Å from the flavin (Figure 4 ). Both progesterone and phenylacetone can be oxygenated, apparently because their ketone group linked to a hydrophobic/aliphatic moiety that can gain access to the reacting center in front of the flavin. This does not imply that any molecule can be processed by any BVMO. For example, PAMO is not active on progesterone. Likewise, cyclohexanone, the substrate of the closely related CHMO, does not show any detectable Bayer-Villiger conversion by STMO or PAMO [31] . The lower degree of hydrophobicity but relatively higher degree of conformational flexibility of this cyclic aliphatic molecule may require more specific interactions to be productively bound by the enzyme. On the other hand, as shown by a recent extensive substrate-profile analysis of BVMOs [29] , STMO displays some activity on cyclohexanone derivatives such as 2-phenylcyclohexanone and 2-propylcyclohexanone that carry hydrophobic substituents. In other words, there is substrate selectivity and preference, with, however, a considerable level of promiscuity as effectively indicated by the acceptance of both progesterone and phenylacetone by STMO. A key point that will be subject to further studies is the dynamics and flexibility of the active site, especially with regard to the role of conformational adaptability [32] . The substrate preference is apparently the result of the balance of relatively nonspecific, mostly hydrophobic, interactions that the groups on the surface of the binding site are able to establish with the substrate ligands.
